Purpose: Automated guidance systems (AGSs) for mobile farm machinery have several advantages over manual operation in the crop production industry. Many researchers and companies have tried to develop such a system. However, it is not easy to evaluate the performance of an AGS because there is no established device used to evaluate it that complies with the ISO 12188 standard. The objective of this study was to develop a tracking sensor system using five laser distance measurement sensors. Methods: One sensor-for long-range distance measurement-was used to measure travel distance and velocity. The other four sensors-for mid-range distance measurement-were used to measure lateral deviation. Stationary, manual driving, and A-B line tests were conducted, and the results were compared with the real-time kinematic differential global positioning system (RTK-DGPS) signal used by the AGS. Results: For the stationary test, the average error of the tracking sensor system was 1.99 mm, and the average error of the RTK-DGPS was 15.19 mm. For the two types of driving tests, the data trends were similar. A comparison of the changes in lateral deviation showed that the data stability of the developed tracking system was better. Conclusions: Although the tracking system was not capable of measuring long travel distances under strong sunlight illumination because of the long-range sensor's limitations, this dilemma could be overcome using a higher-performance sensor.
Introduction
Automated guidance systems (AGSs) have several advantages in crop production, one of which is that they can reduce operator fatigue. For example, it is possible to operate farm machinery using an AGS in conditions of poor visibility where a human operator would be incapable of operating the machinery. In addition, they can reduce gaps and overlaps during harvesting and chemical application.
Various types of AGSs have been developed and distributed in the modern crop industry. Agricultural vehicle guidance technologies include laser-based sensors, inertial sensors, dead reckoning, machine vision, and global navigation satellite systems (GNSSs) (Li et al., 2009) . Furthermore, various technologies such as computer simulations have been used to improve AGSs (Han et al., 2015) .
The accuracy and repeatability of an AGS are important. When it turns off the row of the field, the crop would be damaged, because it is used in harvest operation or chemical application. Researchers have conducted studies to evaluate the performance of AGSs. Ehsani et al. (2002) introduced a method for evaluating the accuracy of guidance systems and evaluated six commercially available guidance systems. In this study, the accuracy was measured by calculating the mean of the errors, where the error was defined as the actual in-field position of the vehicle from the desired position while driving in a straight line. Ehrl et al. (2004) investigated the accuracy of an AGS using two independent geodetic real-time kinematic differential global positioning system (RTK-DGPS) rovers. Their aim was to evaluate the AGS's accuracy under typical agricultural conditions. Baio (2012) evaluated the accuracy, cane loss, and operational field efficiency achieved by an AGS used to guide a sugarcane harvester over the field compared to a manually guided machine.
Various evaluation methods have also been discussed. Davood et al. (2006) proposed a method for evaluating a guidance system that involved using an RTK-DGPS to record the location of a tractor, and analyzing the frequencies of recorded data. Rovira-Mas et al. (2008) suggested a method to evaluate the behavior of any automatically driven agricultural vehicle traveling along paths of any curvature. Randy Ross (2011) discussed a method to create a single graph that easily relates the field efficiency gains expected for a particular guidance system used in farming operations.
Additionally, a number of evaluation devices have been developed. Han et al. (2004) developed a method to evaluate the dynamic position accuracy of a GPS using a linear parallel-tracking application. It was proposed that the pass-to-pass average error was the most important metric. Harbuck et al. (2006) assessed different AGSs using a non-GPS-based device over various time periods. A tracking prism was installed on the towing hitch at the rear of the tractor, and the cross-track error (XTE) and pass-to-pass error were measured. Adamchuk et al. (2007) used a linear potentiometer for a GPS-based auto-guidance test program. The sensor was installed in a cart that the target tractor pulled. It could measure the horizontal position of the cart with 20-mm resolution as it repeatedly passed over a series of stationary metal triggers installed on the surface of the test track. Easterly et al. (2010) developed a performance testing system for auto-guidance using a vision sensor system that was mounted on the rear of the tested tractor.
It tracked a permanent reference line on the test track.
As previously discussed, various researchers have used different test procedures and different devices for AGS evaluation. Their differences led to the necessity of additional research to compare the performance of different approaches. Adamchuk et al. (2007) and Easterly et al. (2010) pointed out the need for a standardized procedure to test and report the performance of AGSs. American Society of Agricultural and Biological Engineers (ASABE) suggested ASABE X605, which is a draft for satellite-based AGS testing during straight and level travel (ASABE, 2008) . ISO 12188-2 is a standard for satellite-based auto-guidance testing based on ASABE X605 (ISO, 2012), which defines a tracking sensor. According to ASABE X605, a tracking sensor is an instrument or instrumented system designed to conduct repeated horizontal distance measurements required for XTE calculations, and it should not rely on a GNSS-based positioning device to perform such measurements (ASABE, 2008) . The definition in ISO 12188-2 is slightly different. This standard defines a tracking sensor as an instrument or instrument system designed to produce horizontal distance measurements required for error calculations that are at least ten times more accurate than the accuracy of the AGS being tested (ISO, 2012) .
This study was initiated to develop an AGS for a tractor. To evaluate the AGS, a tracking sensor was needed. The objective of this study was to develop a tracking sensor system using laser distance measurement sensors (LDMSs) and to then evaluate the system. The tracking sensor system consisted of five LDMSs. One sensor-for long-range distance measurementswas used to measure travel distance and velocity. The other four sensors-for mid-range distance measurements-were used for lateral deviation measurements.
Materials and Methods

AGS Standard
The standard referred to in this study states that the representative vehicle point (RVP) is a fixed point on a vehicle used to represent the vehicle's location at any time. The tracking sensor should be used to make relative distance measurements with respect to the RVP. The sensor can measure the distance between the permanent surface marker and the RVP. The track error (TE) is an error estimate determined as the horizontal distance between the A-B line, which is the desired path to follow, and any given position of the actual RVP travel path. The XTE is the difference of the TE on the prior RVP travel path and the TE on the later RVP travel path. The concept of the TE and XTE is shown in Figure 1 .
Concept of tracking sensor system
Although the RVP can be any point on the target tractor (or, optionally, on an apparatus attached to the tractor), the RVP in this study was located in the center of four LDMS sensors that were installed at the front and at the back ends of the tractor. The proposed tracking sensor system used five LDMSs to measure directional distance and lateral distance. An LDMS for long-distance measurement was installed behind the tractor and measured the traveling distance and velocity, as shown in Figure 2 .
Figure 2 also shows the installation position of the four LDMSs. Two LDMSs were installed at the front, and the others were installed at the rear. The sensors measured the relative distances between the permanent surface marker and the sensors. An LDMS at the front and an LDMS at the rear measured the distance during initial travel, and the others measured the distance during subsequent travel. The distances were used to calculate the heading direction (yaw) and the lateral distance of the tractor. The standards referred to in the study focus on AGS performance while traveling straight over a level surface. The roll and pitch of the tractor were not considered. When L1 and L2, which are the distances between the permanent surface marker and the sensors, were known, the heading angle of the tractor to the marker could be calculated using Eq. (1).
where θ is the heading angle of the tractor to the reference wall, L1 is the distance between the right-side LDMS at the front and the permanent surface marker, L2 is the distance between the right-side LDMS at the rear and the permanent surface marker, and W is the distance between the LDMSs at the front and the rear.
Let L be the distance between the permanent surface marker and the A-B line and let D be the lateral offset between the LDMSs and the RVP. The lateral error could then be calculated using Eq. (2).
where L is the distance between the permanent surface marker and the A-B line, D is the lateral offset between the LDMSs and the RVP, and TE is the track error.
Tracking sensor system
As shown in Figures 2a and 2b , the five LDMSs were installed at the front and rear of the target tractor. Four mid-range distance sensors (DT50, SICK AG, Germany) and a long-range distance sensor (LT2000-SO, MODULOC Control Systems Ltd., USA) were used ( Table 1) . The mid-range distance sensor was an analog output type and could measure distances ranging from 20 cm to 10 m. Its response time and repeatability were 20-30 ms and 2.5-5 mm, respectively. The long-range distance sensor supported RS232 or RS422/RS485 communication and provided an accuracy of ±2 to ±5 mm. It could measure the distance to a white target 100 m away. Two brackets were constructed to attach the sensors. Two LDMSs for mid-range distance were attached to the front guide. The other two LDMSs for mid-range distance and an LDMS for long-range distance were attached to the rear guide. Figure 4 shows the front and rear ends after installation of the LDMSs. The leveler shows that the sensors were installed horizontally.
As shown in Table 2 , the mid-range distance sensors were connected with a data acquisition device (NI 9222, National Instruments Corporation, USA). The long-range distance sensor was directly connected to the main computer of the tracking sensor system. The software was implemented using LabView (Ver. 2011, National Instruments Corporation, USA). A first-order low-pass filter was employed to reduce noise. The measured data and processed results were saved in a new file each time the sftware ran.
In order to build a reference wall as permanent surface marker, a recycled plastic panel (RPP) was used. The RPP, which can be used to reduce noise from construction sites, comprises a flat and long wall. As shown in Figure 5 , the RPP wall was installed without any bumps. The reference wall was installed at the high-tech agricultural machinery support center of the Korea Institute of Industrial Technology in Gimje, Jeollabukdo, Korea. Figure 5 shows the aerial view of the center and the position of the reference wall. The length and height of the reference wall were 50 m and 1 m, respectively.
Tested system description
The tested system was initially developed on a tractor (TX 803, TongYangMoolSan Co., Ltd., Korea). It used a base GPS (FlexPak-G2-V2, NovAtel Inc., Canada) and a rover GPS with an inertial measurement unit (IMU) (SPAN-CPT, NovAtel, Inc., Canada) for navigation. The IMU was installed 20 cm to the right of the center line. The system was used to control the steering, the clutch, and the brakes and uses a controller area network (CAN). An embedded box computer (MXC-6201D/M4G, ADLINK Technology, Inc., Taiwan) and a touch-screen monitor were also installed. The controlling software was implemented using LabView (Ver. 2011, National Instruments Corporation, USA). Han et al. (2013) reported the path generation and tracking algorithm used.
Experimental design
To evaluate the tracking sensor system, three different tests were designed. The first test was a stationary test to compare the position data measured by the tracking sensor system with the position data measured by the GPS and IMU when the target tractor was stationary after starting up. Each measurement was executed for 1 min, and any initial data that was unstable during initialization was removed. This test was repeated three times at different places on three different days.
The second and third tests were driving tests. The second test was manual driving without steering. To reduce disturbances from other conditions, the tractor was manually driven with the steering wheel being held constant to prevent the tractor from turning (the tractor went straight). The third test was executed using the developed AGS.
The standards recommend using three different speeds: slow (0.1±0.05 m/s or the minimum recommended speed for the vehicle in use), medium (2.5±0.2 m/s), and fast (5±0.2 m/s) (ASABE, 2008; ISO, 2012) . The tests were executed using the slow speed because the tested tractor could operate only at a slow speed when it was tested. The tested track was an asphalt pavement surface with a slope of less than 3%. The length of the test course was less than 50 m because it depended on the length of the reference wall. Each test was repeated three times.
Results and Discussion
Stationary test results
The RTK-DGPS provided absolute position data, but the tracking sensor system provided relative position data. To compare these, a coordinate transformation was needed. There were a total of nine tests. The average distance of the RTK-DGPS was 15.19 mm, and its standard deviation was 6.87 mm. The average distance of the tracking sensor system was 1.99 mm, and its standard deviation was 0.93 mm. The tracking sensor system was more precise than the GPS when the tractor was stationary. Figure 6 shows the results of the stationary test. Each spot represents a relative position from the origin, which was set using the average value of the GPS signal and the tracking sensor system. The GPS spots were spread over the field, but the spots of the tracking sensor system were gathered near the origin. One important characteristic of the GPS signal is that it made two separate groups. The left-side island data were collected during the initial 18.2 s. This shows that the GPS signal bounced.
Manual driving test results
For the manual driving test, the steering wheel was fixed, and the tractor was driven with a fixed velocity. Although the steering wheel was fixed, the trajectories were not straight. There are several factors that can affect the trajectories, such as the shapes of the tires, the surface of the test course, the vibration of the tractor, and mistakes made by the driver. Figure 7 shows the results of the manual driving test. Figure 7 (a) shows the trajectories measured by the GPS and the tracking sensor system. Their trends were quite similar, but there were still small differences.
The GPS signal had several signal bounces. Figure 7 (b) shows the lateral differences between the neighboring two points and emphasizes the signal bounce. At 5, 16, and 21 m, the differences of the GPS signal were bigger than those of the tracking sensor system signal.
A-B line test results
The tracking sensor system was tested using the AGS for the A-B line test. Two points (A, B) were given as a path. The two points were selected using the average value of the DGPS signals. The distance between A and B was 44.72 m. Figure 8 shows the results of the A-B line test. There are four plots, and each plot shows movement corresponding to 10 m. During the first 10 m, both signals were smooth. However, there were several jumps in the GPS signal of the other plots.
This trend was more pronounced in Figure 9 , which shows the changes of the lateral positions. The DGPS signal showed several sudden changes, but the signal of the tracking system was stable. The change range of the DGPS signal was from -0.0265 to 0.0194 m. However, the change range of the tracking sensor system was from -0.0054 to 0.0046 m. The range of the tracking sensor system was much smaller, which means that the signal of the tracking sensor system was more stable compared with the DGPS signal.
Discussion
This system has several advantages and disadvantages. This system's concept was similar to those of the two standards. This system was capable of measuring the relative position of the AGS from the reference wall. In addition, the tracking sensor system could collect data at 20 Hz-faster than the 10 Hz recommended in both standards.
The measurable lateral range of this system was wide, although it depended on the heading angle. In addition, it could measure the directional distance. This means that the velocity of the tractor could be calculated, and this system could be applied in a variable-speed test.
On a sunny day, the long-range distance sensor was disturbed by sunlight. Although the specifications of the sensor stated that the range was 100 m, the sensor occasionally provided errors when the tractor moved over 35 m. Figure 10 shows one example of the error that occurred over 35 m. This phenomenon did not occur at night. Although the sensor could be used under weak sunlight, a higher-level sensor or a radar sensor would be preferable to measure the velocity of the tractor. Further research could be used to evaluate the effectiveness of a radar sensor to measure the velocity of a vehicle instead of a long-range distance sensor.
Conclusions
The evaluation of AGSs has been an important issue since they were first developed. Nowadays, a standard -ISO 12188-2-is available. In this standard, the XTE is the main parameter, but it is not easy to measure because there is no standard device for this. In this study, a tracking sensor system, which could measure TE, was developed using five LDMSs. One sensor-for long-range distance measurement-was used to measure travel distance and velocity. The other four sensors-for mid-range distance measurement-were used for lateral deviation measurement. Three tests were conducted, and the results were compared with the RTK-DGPS signal. For the stationary test, the average error of the tracking sensor system was 1.99 mm, and the average error of the RTK-DGPS was 15.19 mm. The trajectory measured by the tracking sensor system was more stable for both the manual driving test and the A-B line test. Although there were some disadvantages resulting from the sensor specifications, the tracking sensor system could effectively be used to evaluate the AGS based on the aforementioned standard.
